Introduction
Brivaracetam (UCB 34714, Scheme 1) or (2S)-2-[(4R)-2-oxo-4-propylpyrrolidin-1-yl] butanamide is a novel high-affinity synaptic vesicle protein 2A ligand [1] discovered and developed by UCB. With two chiral centers, 4 different diastereomers are possible that will henceforth all be referred to as brivaracetam diastereomers. According to regulatory agencies, such as the US FDA [2] , stereoisomers for new pharmaceutical compounds should be separately assessed for their biological activities. To do so, all four stereoisomers of brivaracetam have been synthesized for analytical reference and testing purposes.
SCHEME 1 Synthetic routes to four stereoisomers of brivaracetam
Understanding the chiral structure and function is not only driven by legislative bodies but also a key step to recognize the role of chirality in chemical and biological processes. To meet this need, a reliable and streamlined approach for absolute configuration (AC) determinations of chiral molecules is of prime importance. VCD is an IR absorption-based chiroptical method capable of determining the AC of organic compounds [3] , offering many advantages over other methods widely used since there is no need of either single crystals (for single crystal X-ray diffraction [4] , derivatizations (as for NMR studies with e.g., chiral complexing agents) [5] nor the presence of chromophores as required for electronic circular dichroism [6] . Furthermore, VCD has the extra benefit of providing a detailed conformational analysis in solution. The method became much more popular when algorithms [7] appeared that allowed the interpretation of the spectra through comparison with theoretically obtained ones [8] . The number of applications of VCD for the determination of the AC of diastereoisomers increases every year , and in many cases the relative stereochemistry is already known. The purpose of the present paper was to use VCD to determine the ACs of all stereoisomers of brivaracetam with no prior knowledge of their relative stereochemistry. Using all four stereoisomers, experimental and theoretical spectra were Abstract: The stereochemistry of all four stereoisomers of brivaracetam is determined using vibrational circular dichroism (VCD) spectroscopy. By comparing experimentally obtained VCD spectra and computationally simulated ones, the absolute configurations can be confidently assigned without prior knowledge of their relative stereochemistry. Neither the corrected mean absolute errors analysis of the nuclear magnetic resonance (NMR) data, nor the matching of experimental and calculated infrared spectra allowed the diastereoisomers to be distinguished. VCD spectroscopy itself suffices to establish the absolute configurations of all diastereoisomers.
The relative stereochemistry could also be statistically confirmed by matching experimental and computed NMR spectra using the CP3 algorithm. The combination of VCD and NMR is recommended for molecules bearing more than one chiral center, as the relative configurations obtained from NMR serve as an independent check for those established with VCD. Analysis of the calculated VCD spectra reveals that the localized NH2 scissoring mode at around 1600 cm -1 may be characteristic of intramolecular hydrogen bonding, and the orientation of the ethyl group is reflected by the delocalized modes between 1150 and 1050 cm -1 .
obtained. Although the AC for each stereoisomer was known to UCB, the study proceeded blind as the four samples were anonymized. Knowledge of the AC was only used afterwards to establish whether or not VCD did suffice for a complete AC assignment of all four samples. Besides VCD, NMR spectra were also used to confirm the relative stereochemistry with the aid of statistical analyses.
Materials and Methods

STEREOSPECIFIC SYNTHESIS
Chiral assignment of the four isomers relied on the AC knowledge of starting chiral reagent S-ABA and the X-ray structure of brivaracetam, the latter providing the relative stereo information between position 2 and 4' chiral centers (see Figure  1 for atom numbering) [30] . With these two pieces of information, it was possible to unambiguously assign position 4'. 2R isomers were synthesized from the corresponding 2S by epimerization in basic conditions followed by a chiral separation step (Scheme 1).
The pairs of enantiomers (2S,4'R)-(2R,4'S) and (2S,4'S)-(2R,4'R) shared the same AC independent spectroscopic data (NMR and IR, see later) and the same magnitude of the optical rotation, albeit with inverted sign ([ ]d 20 : -60(1)° and +59(1)° for (2S, 4'R) and (2R,4'S) and -47(1)° and +48(1)° for (2S,4'S) and (2R,4'R). The four experimental samples, each corresponding to a stereoisomer, were made available by UCB, Belgium with chemical and chiral purity ≥98 % (HPLC-UV) but without information on their stereochemistry, and were used without further purification.
IR AND VCD MEASUREMENTS
IR and VCD spectra were recorded on a BioTools dual-photoelastic modulator (PEM) ChiralIR-2X spectrometer. The optimal frequency for the PEMs was set to 1400 cm −1 , and a resolution of 4 cm −1 was used throughout. A liquid cell equipped with BaF2 windows with a path length of 100 µm was used. For all experiments, solutions of 7.0 mg in 0.1 mL of CDCl3 were investigated. The solution spectra were recorded for 20000 scans. Based on the equality of the IR spectra for enantiomers and using the mirror image relationship between the VCD spectra, the enantiomeric pairs could easily be established within the four samples. For each enantiomeric pair, baseline corrections were introduced using the spectrum of a virtual racemate. 
NMR SPECTROSCOPY
COMPUTATIONAL METHODS
VCD spectra for diastereomers most often differ significantly, hence the possibility of using VCD as a technique to establish ACs. Moreover, there is a simple mirror image relationship between the geometries and chiroptical spectra of enantiomers. Experimental VCD spectra are not easily interpreted so quantum chemically calculated spectra for a set of chosen configurations are computed, although it suffices to compute only one representative of each enantiomeric pair as the spectrum of one enantiomer is simply the mirror image of that of the other. The geometry of enantiomers also exhibits mirror image symmetry so for each enantiomeric pair it also suffices to perform geometry optimizations for only one enantiomer. In this work, geometry optimizations were performed and spectral properties calculated for the (2R,4'S) and (2R,4'R) diastereoisomers. Through comparison with the experimental samples, we then aimed to establish which sample corresponds to which diastereomer. To obtain good starting points for ab initio geometry optimizations for the minima on the potential-energy surface, extensive conformational searching was performed at the molecular mechanics level using the MMFF94 [31] , Sybyl [32] , and MMFF94S [33] molecular mechanics force fields, as implemented in the Spartan08 [34] and Conflex [35] [36] [37] software packages using the Monte Carlo and reservoir-filling algorithms, respectively. Subsequently, the minima were further optimized at the density functional theory level using Gaussian 09 [38] . For each stationary point, the Hessian was diagonalized to establish that it corresponded to a minimum. Boltzmann populations, required to calculate Boltzmann weighed spectra, were derived from the relative enthalpies of the conformations studied using a temperature of 298 K and a pressure of 1 atm.
IR and VCD spectra were computed at the self-consistent reaction field (SCRF)-B3LYP/6-31G(d) level of theory, with SCRF [39] referring to the integral equation formalism model used to account for solute−solvent interactions, using a dielectric constant for chloroform of ε=4.71. The B3LYP functional is a commonly used functional for VCD calculations [3] . To allow comparison with experimental data, Lorentzian broadening was applied using a full width at half maximum of 10 cm -1 .
NMR shielding constants were computed using two different approaches [25] . The first is based on the use of linear regression data as suggested by Tantillo and co-workers [40, 41] . This entails geometry optimizations at the B3LYP/6-31+G(d,p) level in the gas phase, and followed by computing the NMR shielding constants by the gauge including atomic orbital method at the SCRF-mPW1PW91/6-311+G(2d,p) level using the implicit solvent model (chloroform, ε=4.71) (SCRF-mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p), Level A). Shielding constants relating to the hydrogen atoms in the methyl group were averaged. NMR chemical shifts relative to TMS were obtained applying linear regression parameters, notably for 1 H data, the slope and intercept used were set to -1.0936 and 31.8018, respectively, while for the 13 C data values of -1.0533 and 186.5242 were used in the formulae in the Cheshire database [42] .
The other method, futher annotated as Level B, does not rely on database parameters [25] Geometry optimization and calculations of the NMR shielding constants were performed at the SCRF-mPW1PW91/6-311+G(2d,p) level (chloroform, ε=4.71) for all conformations. NMR chemical shifts relative to TMS were obtained applying linear regression between computed isotropic shielding constants of both (2R,4'S) and (2R,4'R) and experimental chemical shifts of both experimental samples II and III. Henceforth, computationally generated spectra will be referred to by the AC they reflect: (2R,4'S) and (2R,4'R) in this case.
Experimental samples are referred to with Roman numerals I-IV and from the moment theory and experiment can be matched, this is reflected in a notation such as (2R,4'S)-II and (2R,4'R)-III meaning, for example, that experimental sample II contains, according to the computed spectra, AC (2R,4'S).
Results and Discussion
First, the results of the conformational analysis are presented followed by the results of the use of IR and VCD to assign the absolute configuration. NMR is then used to check the relative configurations. Finally the VCD spectrum-structure relationship is explored.
CONFORMATIONAL ANALYSIS
The molecular mechanics search yielded 189 and 198 conformers for the (2R,4'S) and (2R,4'R) diastereoisomers, respectively. These geometries were further optimized at different levels of theory for the IR, VCD, and NMR calculations (see computational methods), respectively. The key structural difference among these conformers lies in the torsion angles of 
INFRARED SPECTROSCOPY
In Figure 3 , the experimental IR spectra of the four samples are compared to the calculated ones of (2R,4'S) and (2R,4'R) at the SCRF-B3LYP/6-31G(d) level of theory. As IR spectra for enantiomers are the same, assignments are made down to the level of enantiomeric pairs. Careful inspection of the experimental data obtained for the different samples shows that subtle changes in relative intensities, band widths, and overlap can be detected for a variety of spectral regions including that of, amongst others, the NH2 scissoring mode and the C-H bending vibrations in the -lactam ring and the propyl group. The subtle differences in the experimental data allow identification of the samples to the two families of enantiomers present, but they are too small to confidently assign their relative stereochemistry. To ensure that the visual interpretation was not subject to human bias, the CompareVOA algorithm [43] based on neighborhood similarity [44] [45] [46] [47] was used to evaluate the IR similarity ( Table 1) . The calculated IR spectra were scaled to compensate for the overestimation of the vibrational frequencies in the harmonic approximation. This scale factor is chosen such that the calculated IR spectrum gives the largest similarity to the experimental one. The calculated spectrum of (2R,4'S) gives an IR similarity (∑(IR)) of roughly 89% with the experimental data for all samples, and similarly the calculated spectrum of (2R,4'R) gives ∑(IR) equal to roughly 92% with the experimental data for all samples. The IR similarity is high in all cases, indicating that in this case IR spectra do not suffice for distinguishing between diastereoisomers.
FIGURE 3. Calculated SCRF-B3LYP/6-31G(d) IR spectra of (2R, 4'S) and (2R, 4'R) (upper panel) and experimental IR spectra of the four samples (lower panel). Subtle changes due to differences in relative stereochemistry observed in the experimental spectra are indicated by Greek symbols.
ASSIGNING THE ABSOLUTE CONFIGURATIONS : VCD SPECTROSCOPY
The experimental VCD spectra of the four samples were compared to the calculated ones of (2R, 4'S) and (2R, 4'R) at the SCRF-B3LYP/6-31G(d) level of theory ( Figure 4 ).
Inspection of the experimental VCD spectra shows that the four samples are clearly separated into two enantiomeric pairs ([I, II] and [III, IV]) based on the mirror-image relationship. Comparing the spectra of sample II and (2R, 4'S), and of sample III and (2R, 4'R), good agreement is found in which all intense VCD peaks are correctly predicted in the region of 1600-1000 cm -1 . Two features are used to distinguish between the two diastereoisomers. First, in the region of 1500-1400 cm -1 , the peaks 3, 4 and 5 in III show an intense triplet that is reproduced only by the spectrum of (2R,4'R). These transitions involve mainly CH2 wagging, C-N stretching of the γ-lactam ring, and C(2)-H bending at one of the chiral centers. The other feature concerns the signs of peaks 8 and 12. These characteristic peaks are both positive in II, while peak 8 is positive and 12 is negative in III. These features are well reproduced by the spectra of (2R, 4'S) and (2R, 4'R), respectively. The vibration associated with peak 8 is related to CH bending at the two chiral centers and CH2 wagging of the two CH2 groups adjacent to the chiral centers, i.e. C(3')H2 and C(5')H2. The vibration related to peak 12 mainly involves C(4')H bending, C(3')H2 and C(5')H2 wagging of the γ-lactam ring. These important differences, together with the enantiomeric relationship, lead to the conclusion that I corresponds to the (2S,4'R) AC, II is (2R,4'S), III is (2R,4'R), and IV corresponds to (2S,4'S).
FIGURE 4 Calculated SCRF-B3LYP/6-31G(d) VCD spectra of (2R, 4'S) and (2R, 4'R) (upper two traces) and experimental VCD spectra of the four samples (I, II, III and IV, lower). Important similarity features are numbered.
To further assess the reliability of the AC assignment, the CompareVOA algorithm was used to evaluate the VCD similarity, and the statistical significance [48] of the VCD similarity was validated using a randomization test (Table 1 ). The calculated VCD spectra were scaled using the same scale factors used for IR spectra. Single VCD similarity (∑(VCD)) has a value between 0 and 100 %, and gives the similarity between the calculated and experimental VCD spectra. The enantiomeric similarity index ∆ gives the difference between the values of ∑(VCD) for both enantiomers of a given diastereoisomer. ∑(VCD) and ∆ are then compared to a database of previous validated assignments to get a confidence level. Alternatively, to evaluate the robustness of the VCD similarity independent of any previous databases, a measure based on a randomization test was used. Similarities of IR and VCD ( ) are first calculated based on neighbourhood similarity, although here the similarity between the experimental and calculated or random spectra is computed as a signed quantity (see ref. 48 for details). Then, random VCD spectra x are generated by placing bands with random signs and intensities to get statistically random similarities . The significance statistic P obtained from the randomization plot gives the probability that the VCD similarity cannot be improved by a random VCD spectrum, i.e. P [ < ] . So the P value indicates whether the numerical degree of VCD similarity is significant, and can be used to evaluate the robustness of VCD similarity [48] . Put simply, P measures the probability that by using a random spectrum, one could come to a good assignment that, however, bears no chemical For the pair (I, II) , the results shown in Table 1 indicate good agreement between II and (2R,4'S) with large values of ∑(VCD) and ∆, whereas no good agreement is found for (2R,4'R) or its enantiomer (2S,4'S). To establish the significance of the VCD similarity, 25000 random spectra were generated by placing bands with random signs, intensities, and frequencies in the region of 1550-950 cm -1 for II. The randomization plot shows a tight distribution for II versus (2R,4'S) (Figure 5a ). The red dot at the top right labels the actual VCD similarity with the original computed VCD spectrum. The Pvalue (99.66%) indicates that there is only a 0.34% chance of randomly generating a better VCD spectrum than the original computed spectrum. For II and (2R,4'R), or alternatively, I and (2S,4'S), however, the randomization plot (Figure 5b ) exhibits a relatively circular distribution of the data points with many randomly generated VCD spectra having a higher similarity with respect to the experimental value. Moreover, the negative slope indicates that II would correspond more to (2S,4'S) although the similarity would still be far smaller compared to that in Figure 5a . The CompareVOA results and the P value thus both support the manual assignment of AC. 
CONFIRMING THE RELATIVE STEREOCHEMISTRY : NMR SPECTROSCOPY
NMR is arguably one of the most widespread spectroscopic techniques, and although without special, and often cumbersome, provisions, it does not allow distinction of enantiomers, but it is one of the most often used and best techniques for distinguishing diastereomers. Therefore, it is appropriate to validate the assignment based on VCD, although only down to the level of the relative configuration. To that end, the experimental 1H and 13C chemical shifts were manually assigned based on 1H, 13C, COSY, NOESY, HMQC, HMBC, and DEPT NMR data, and computed NMR shifts were utilized in assigning the relative stereochemistry.
NMR calculations were performed at two levels of theory: SCRFmPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) suggested by Tantillo and co-workers,31,32 and SCRF-mPW1PW91/6-311+G(2d,p)//idem. Idem denotes the use of the same level of theory for the geometry optimization and the calculation of expectation values, while SCRF-mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) reflects the use of B3LYP/6-31+G(d,p) for geometry optimization, and SCRF-mPW1PW91/6-311+G(2d,p) for the calculation of the NMR data (and possibly other expectation values) using the B3LYP/6-31+G(d,p) geometry. The scaled NMR chemical shifts from linear regression with isotropic shielding constants calculated at the SCRF-mPW1PW91/6-311+G(2d,p)//idem level are shown in Figure 6 along with the experimental data. (a) (2R, 4'S) Table 2 shows a summary of the corrected mean absolute errors (CMAE) [49, 50] and the largest deviation (∆δ) comparing the computed data to experimental ones at the two calculation levels. It is clear that, based on the values CMAE and ∆δ, the scaled NMR chemical shifts from linear regression with fully ab initio calculation results at Level B fitted experimental data better than the SCRF-mPW1PW91/6-311+G(2d,p) // B3LYP/6-31+G(d,p) Level A values. However, both the CMAE and ∆δ values are similar for the two diastereoisomers, and thus the relative stereochemistry cannot be properly established using CMAE and ∆δ. and both data sets together. This leads to a 100.0 % probability for the right assignment in all the cases. The CP3 values for the calculations using Level A reflect the same conclusion. The CP3 statistical results indicate a relative configuration assignment (2R,4'S)-I (or II) and (2R,4'R)-III (or IV) from the VCD spectra. Moreover, in this case CP3 performs better than CMAE in distinguishing between diastereoisomers. 
VCD MARKER OF INTRAMOLECULAR HYDROGEN BONDS
The high sensitivity of VCD spectroscopy to subtle structural changes stimulated us to conduct an extensive study of the spectrum-structure relationship. Conformers with a Boltzmann population over 1% and the calculated VCD spectra at the level of SCRF-B3LYP/6-31G(d) are thus classified into categories according to their structural differences (Tables 4 and 5 , and Figure 7 ).
For (2R,4'S), the eight lowest-energy conformers have an exo conformation (ring down-puckered with respect to the amide group) with 1 ≈ 83° and 2 ≈ -77°, each one being stabilized by two cooperative intramolecular hydrogen bonds NH···O and C(2)H···O. This group of conformations is defined as category A. In category B, four conformers have an endo conformation (ring up-puckered with respect to the amide group) with 1 ≈ 88° and 2 ≈ -77° or -74°, each one stabilized by two cooperative intramolecular hydrogen bonds NH···O and C(2)H···O as well. In category C, four conformers have also endo conformation, albeit with "abnormal" 1 ≈ -75° and 2 ≈ 54° or 60°, that is, each conformer is stabilized by two cooperative intramolecular hydrogen bonds NH···O and C(3)H···O instead of C(2)H···O. In each category, the ethyl ( 3) and the propyl ( 4) substituents have two stable orientations. FIGURE 7 Calculated VCD spectra of individual conformers of (a) (2R,4'S) and (b) (2R,4'R) with a Boltzmann population over 1% at the level of SCRF-B3LYP/6-31G(d). The categories shown are obtained by analyzing the occurrence of possible intramolecular hydrogen bonds and by studying the puckering of the -lactam. For each category, a representative geometry is also given.
Comparison of the VCD spectra in the three categories shows that i) the "abnormal" dihedral angles 1 and 2 in category C reverse the VCD sign of peak 1 that corresponds to NH2 scissoring ii) the endo conformation in category B blue shifts peak 5 by roughly 10 cm -1 relative to category A, but keeps the positive VCD signal. Category C further shifts it roughly 14 cm For (2R,4'R), the eight lowest-energy conformers in category A have endo conformation with 1 ≈ 88° and 2 ≈ -77° or -76°, each one being stabilized by two cooperative intramolecular hydrogen bonds NH···O and C(2)H···O. In category B, the six confomers have exo conformation with 1 ≈ 84° or 83° and 2 ≈ -77° or -78°, each one also being stabilized by two cooperative intramolecular hydrogen bonds NH···O and C(2)H···O as well. In category C, the four conformers have an exo conformation, with "abnormal" 1 ≈ -71° and 2 ≈ 55°, 56° or 61°, however. As a consequence, each conformer is stabilized by two cooperative intramolecular hydrogen bonds NH···O and C(3)H···O. In category D, the two conformers have endo conformation, with "abnormal" 1 ≈ 121° and 2 ≈ -23° or -24°, however. Consequently, each conformer is stabilized by two cooperative intramolecular hydrogen bonds C(2)H···O and NH···N. In each category, the propyl and ethyl substituents both have two stable orientations. Comparison of the VCD spectra in the four categories shows that i) the "abnormal" dihedral angles 1 For both (2R,4'S) and (2R,4'R), the localized NH2 scissoring mode (peak 1) near 1600 cm -1 reverses its VCD sign when the intramolecular hydrogen bonds NH···O and C(2)H···O are replaced by C(3)H···O or NH···N, while the latter two can be distinguished by the VCD wavenumber shifts and intensities. Such a localized mode may be used as a marker to identify the intramolecular hydrogen bonds. Moreover, the VCD shifts of peak 5 also indicate the change of the intramolecular hydrogen bonds, and the transition mode of peak 5 is ascribed as C(5')H2 wagging and C-N stretching of the -lactam ring, and C(2)-H bending. Finally, the delocalized modes between 1150 and 1050 cm -1 (peaks 16 and 17) reflect the orientation of the ethyl group. 
Conclusion
Vibrational circular dichroism (VCD) was used to assign the stereochemistry of all four stereoisomers of brivaracetam. Based on manual assignment and statistical analyses, the absolute configurations can be confidently assigned as (2S,4'R)-I, (2R,4'S)-II, (2R,4'R)-III and (2S,4'S)-IV without prior knowledge of their relative stereochemistry. The IR similarity is high between the calculated spectrum and the experimental spectrum of each diastereoisomer in both cases of comparison, and thus the IR spectra here can barely detect the relative configurations. Calculations of the NMR properties at the two levels of theory, aided by the CP3 statistical analysis, indicate that the relative configurations proposed by VCD spectra are very reliable, thus confirming the relative stereochemistry. The CMAE analysis cannot distinguish between the two diastereoisomers at either level of theory. The combination of VCD and NMR is clearly the most powerful discriminatory method for diastereoisomers. The spectrum-structure analysis of the calculated VCD spectra shows that the localized NH2 scissoring mode in the VCD spectra at ~1600 cm -1 may be used as a marker to identify the intramolecular hydrogen bonds, and the orientation of the ethyl group is reflected by the delocalized modes between 1150 and 1050 cm -1 . Confrontation of the spectroscopically obtained conclusions with that of single crystal X-ray diffraction, originally not disclosed, reveals that the spectroscopic assignment is correct. The spectroscopic data, however, also reveal useful information on the properties of the molecules in solution, a medium closer to the biologically relevant environment.
